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Abstract
Chronic HBV infections cause hepatocellular carcinoma (HCC). Activities of the HBV HBx
protein regulate HBV replication and may contribute to the development of HCC. We previously
reported that HBx causes primary rat hepatocytes to exit G0 but stall in G1 phase of the cell cycle;
entry into G1 stimulated HBV replication. We now report that the activity of the mitochondria
permeability transition pore is required for HBx regulation of cell cycle proteins and HBV
replication in primary rat hepatocytes, that progression from G0 to G1 stimulates HBV
polymerase activity, and that HBV replication is facilitated by the HBx-induced G1 arrest. HBx
stimulation of HBV replication was linked to elevation of the R2 subunit of ribonucleotide
reductase. Our studies suggest that HBx uses mitochondrial-dependent calcium signaling to cause
hepatocytes to exit G0 but stall in G1 and that this HBx activity alters the cellular environment and
stimulates HBV replication.
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INTRODUCTION
Worldwide, there are over 350 million individuals chronically infected with the human
hepatitis B virus (HBV); approximately 25% of chronically HBV-infected individuals will
develop hepatocellular carcinoma (HCC) (Beasley et al. 1981; Seeger et al. 2007). The HBV
genome is a partially double-stranded DNA genome containing four overlapping open-
reading frames (ORFs) that encode the viral polymerase/reverse transcriptase, capsid,
envelope, and X (HBx) proteins (Seeger et al. 2007). Although the exact mechanisms that
underlie the development of HBV-associated HCC have not been entirely elucidated, the
results of many studies suggest that HBV-associated HCC develops in the context of a
continual inflammatory response to HBV-infected hepatocytes and is also influenced by
expression of HBV proteins such as HBx (Chisari 2000; Seeger et al. 2007).
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HBx is a multifunctional protein that can modulate cellular transcription, protein-
degradation, calcium signaling, cell cycle, and apoptotic pathways (reviewed in (Bouchard
and Schneider 2004)). HBx activities have frequently been studied in transformed or
immortalized cell lines, sometimes not of liver origin, and the precise effect of HBx on
cellular signal transduction pathways and on HBV replication has varied in different
experimental systems (reviewed in (Bouchard and Schneider 2004)). Consequently, the role
of HBx during HBV replication in normal hepatocytes, and which HBx activities might
contribute to the development of HCC, remains incompletely understood. The results of
studies in HBx-transgenic mice suggest that HBx can impact the development of HCC.
However, whether HBx is directly oncogenic or a co-factor in HCC progression can vary in
different experimental models. For example, in some transgenic mice HBx has been shown
to directly cause the formation of liver tumors while in other transgenic mouse models HBx
did not directly cause HCC but sensitized mice to hepatocarcinogen treatment (Buendia
1998; Kim et al. 1991; Madden et al. 2001; Slagle et al. 1996; Terradillos et al. 1997; Yu et
al. 1999). The reasons for the variation in oncogenic potential in these transgenic mouse
models is unclear, but may reflect differences in the method of HBx expression or in the
genetic background of the mice used in the study. The results of multiple studies also
suggest that HBx strongly influences HBV replication in various tissue culture and in vivo
models (Blum et al. 1992; Bouchard et al. 2001a; Keasler et al. 2007; Leupin et al. 2005;
Melegari et al. 1998; Tang et al. 2005), and several HBx functions, including regulation of
cytosolic calcium signaling, Src kinases, and proteasome activity, as well as interactions
with components of the ultraviolet-damaged DNA binding (UVDDB) complex, can affect
HBV replication (Bouchard et al. 2001a; Bouchard et al. 2003; Gearhart and Bouchard
2010; Klein et al. 1999; Leupin et al. 2005; Sitterlin et al. 2000; Zhang et al. 2004). HBx
might also influence HBV replication by regulating cell proliferation pathways; however,
the precise impact of HBx on cell proliferation pathways in normal hepatocytes, and how
cell cycle progression influences HBV replication, remains incompletely understood.

Several studies have examined the effect of cell cycle progression on HBV replication. In
HepG2.2.15 cells, human hepatoblastoma cells that contain an integrated copy of the HBV
genome and can produce infectious HBV, HBV replication was highest in G0/G1, G1, and
G2 phases as compared to S phase (Huang et al. 2004; Ozer et al. 1996). One study in HBV-
transgenic mice suggested that HBV replicates equally well in resting or proliferating
hepatocytes; however, because HBV replication is derived from a copy of the HBV genome
that is integrated into mouse chromosomal DNA, whether replication of HBV in the livers of
these mice recapitulates all aspects of HBV replication in an authentic HBV infection is
unclear (Guidotti et al. 1997). We recently demonstrated that cell cycle progression affects
HBV replication in cultured primary rat hepatocytes, a biologically relevant model of
normal hepatocytes (Gearhart and Bouchard 2010). In these studies, rat hepatocytes were
infected with recombinant adenoviruses that contain a greater-than-unit length copy of the
HBV genome to allow HBV replication and then transfected with a p16 over-expression
plasmid (Gearhart and Bouchard 2010). p16 prevents progression from G0 to G1 phase of
the cell cycle, and its level must be decreased in order for a cell to enter G1 phase (Harper
and Brooks 2005; Sherr and Roberts 1999). Over-expressed p16 prevented hepatocytes from
exiting G0 and entering G1 and inhibited HBV replication (Gearhart and Bouchard 2010).
These results demonstrate that HBV replication requires that quiescent hepatocytes exit G0
and enter G1 phase of the cell cycle. Whether HBV replication is affected by progression
beyond G1 phase was not addressed (Gearhart and Bouchard 2010).

HBx can regulate the levels of p16, p21, p27, cyclin D1, cyclin A and cyclin B1, activate the
p21 promoter, and increase the activity of CDK2 in various settings; although these
responses to HBx expression, which have often been analyzed in immortalized or
transformed cell lines, have varied in different experimental systems (Ahn et al. 2001; Chin
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et al. 2007; Han et al. 2002; Leach et al. 2003; Lee et al. 2002; Mukherji et al. 2007; Park et
al. 2006; Park et al. 2000; Qiao et al. 2001). We previously showed that HBx modulates the
levels and activities of cell cycle regulatory proteins in cultured, primary rat hepatocytes
(Gearhart and Bouchard 2010). We demonstrated that HBx decreases the levels of proteins
that inhibit progression into G1 phase, increases the levels of active G1 phase proteins such
as p21, p27, and cyclin D1, and stimulates normally quiescent hepatocytes to exit G0 and
stall in G1 phase of the cell cycle (Gearhart and Bouchard 2010). The results of these studies
were similar to observations in primary mouse hepatocytes where HBx increased the levels
of p21 and p27 and decreased cell proliferation (Qiao et al. 2001). We also demonstrated
that cytosolic calcium signaling is required for HBx modulation of cell cycle regulatory
proteins in primary rat hepatocytes (Gearhart and Bouchard 2010). These results showed
that HBx modulates the levels and activities of cell cycle regulatory proteins to cause
quiescent hepatocytes to exit G0 and arrest in G1 phase via a calcium-dependent
mechanism.

In addition to being important for HBx modulation of cell proliferation, cytosolic calcium
signaling also stimulates HBV replication in HepG2 cells, a human hepatoblastoma cell line
(Bouchard et al. 2001a). HBx can increase the basal level of cytosolic calcium in HepG2 and
Chang liver cells (Chami et al. 2003; McClain et al. 2007; Oh et al. 2003), and calcium
mobilizing agents such as valinomycin, thapsigargin, and glibenclamide rescue the
replication of a HBx-deficient mutant HBV (Bouchard et al. 2001a; Bouchard et al. 2003).
Furthermore, treatment of HepG2 cells with calcium-chelating agents such as BAPTA-AM
inhibited HBV replication (Bouchard et al. 2001a; Bouchard et al. 2003). Although the
mechanism underlying HBx modulation of intracellular calcium remains undefined, the
results of several studies have suggested that the mitochondria permeability transition pore
(MPTP) may play a role. The MPTP is a pore present in mitochondria that controls the
influx and efflux of ions, including calcium, from the mitochondrial matrix (Orrenius et al.
2003). The ability of HBx to increase the level of basal cytosolic calcium in HepG2 cells
was blocked by cyclosporin A (CsA), an inhibitor of the MPTP (McClain et al. 2007). CsA
treatment also inhibited HBV replication in HepG2 cells, linking MPTP activity and
associated regulation of cellular calcium signaling to HBx modulation of HBV replication
(Bouchard et al. 2001a). Whether HBV replication or HBx regulation of cell cycle proteins
in normal hepatocytes is dependent on MPTP functions has not been addressed.

In studies reported here, we have examined the effect of cellular calcium signaling and
cellular proliferation on HBV replication in cultured, primary rat hepatocytes, a model
system for studying normal hepatocyte physiology and human liver diseases (Bingham et al.
1998; Chitturi and Farrell 2001; Diot et al. 1992; James et al. 2003; Rodriguez-Garay 2003).
These studies were conducted with HBx that was expressed in the absence of other HBV
proteins and in the context of HBV replication. Our results demonstrate that both cytosolic
calcium signaling and MPTP activity are required for HBx stimulation of HBV replication
and modulation of cell cycle regulatory proteins in primary hepatocytes. We demonstrate
that HBx-induced elevation of p21 and p27, which are active in G1 phase, but prevent
progression into S phase of the cell cycle, is required for the G1 phase arrest (Cheng et al.
1999; Sherr and Roberts 1999). We also show that an HBx-mediated G1 phase arrest is
required for HBV replication in cultured, primary rat hepatocytes. While the purpose of this
G1 phase arrest remains undefined, it may involve increasing the pool of available
deoxynucleotide triphosphates (dNTPs) required for HBV replication by activating enzymes
that synthesize dNTPs. One enzyme that synthesizes dNTPs is ribonucleotide reductase
(Reichard 1987). We show that HBx increases the level of the R2 catalytic subunit of
ribonucleotide reductase and that this increase in the level of R2 stimulates HBV replication.
Interestingly, we observed that the activity of the HBV polymerase requires that hepatocytes
progress from G0 to G1 but remained active when hepatocytes were allowed to progress into
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S phase even though HBV replication was significantly diminished. Our results suggest that
HBV replication in primary hepatocytes requires HBx regulation of cytosolic calcium
signaling pathways and MPTP activity to induce quiescent hepatocytes to exit G0 and enter
and stall in G1 phase. HBx regulation of cell cycle progression, while beneficial for HBV
replication, may provide a mechanism that alters hepatocyte physiology and contributes to
the development of HBV-associated HCC.

RESULTS
Confirmation of authentic, differentiated hepatocytes

Studies were conducted in cultured, primary rat hepatocytes. Hepatocyte morphology and
expression of differentiation-specific markers were assayed throughout the time course of
our studies as previously described (Gearhart and Bouchard 2010). Briefly, RT-PCR
analysis was performed on freshly isolated hepatocytes, and hepatocytes cultured for 72
hours, the time frame for our experiments. Albumin (ALB), transferrin (TFN), hepatocyte
nuclear factor 4 (HNF4), and connexin 26 (CNX26) were used as accepted markers of
differentiated hepatocytes (Block et al. 1996; Gearhart and Bouchard 2010; Piechocki et al.
1999; Runge et al. 2000). Additionally, we examined connexin 43 (CNX43), which is
expressed in dedifferentiated hepatocytes, Kupffer cells, stellate cells, and liver sinusoidal
endothelial cells. CNX43 was used to assess the purity of hepatocyte cultures (Gearhart and
Bouchard 2010; Piechocki et al. 1999). Expression of ALB, TFN, HNF4, and CNX26 was
observed in freshly isolated hepatocytes and in hepatocytes cultured for 72 hours ((Gearhart
and Bouchard 2010) and Supplemental Fig. 1A–B). CNX43 expression was not detected in
freshly isolated hepatocytes or hepatocytes that were maintained in culture for 72 hours
((Gearhart and Bouchard 2010; Rezvan et al. 2004) and Supplemental Fig. 1C). These
results demonstrate that the highly purified, primary rat hepatocytes remain differentiated
throughout the time course of our experiments.

Cytosolic calcium is required for HBV replication in primary rat hepatocytes
HBV replication in HepG2 cells is stimulated by cytosolic calcium signaling; however, the
role of cytosolic calcium in HBV replication in primary hepatocytes has not been examined
(Bouchard et al. 2001b). We analyzed the effect of the cytosolic calcium chelator, BAPTA-
AM, on HBV replication in primary rat hepatocytes. Cultured, primary rat hepatocytes were
infected with AdHBV and treated for 48 hours with BAPTA-AM. BAPTA-AM dramatically
reduced the level of HBV replication but did not affect the levels of the HBV core protein
(HBcAg) or viral RNAs (Fig. 1). These results show that HBV replication in primary
hepatocytes requires modulation of intracellular calcium, similar to observations in HepG2
cells (Bouchard et al. 2001b).

MPTP activity is required for HBV replication in primary rat hepatocytes
The results of previous studies demonstrated that HBx modulation of basal calcium levels
requires modulation of the mitochondria permeability transition pore (MPTP), and MPTP
activity is involved in HBV replication in HepG2 cells (Bouchard et al. 2001b; McClain et
al. 2007). We next examined whether MPTP activity is required for HBV replication in
primary rat hepatocytes. Primary rat hepatocytes were infected with AdHBV and treated for
48 hours with the MPTP inhibitor, cyclosporin A (CsA) (Clapham 1995). CsA treatment did
not affect the level of HBcAg or HBV RNAs in AdHBV-infected primary rat hepatocytes
(Fig. 1A and B) but did decrease the level of HBV replication (Fig. 1C). Because CsA
inhibits both the MPTP and calcineurin, FK506, a calcineurin inhibitor that does not affect
the MPTP, was also used to show that CsA inhibition of the MPTP was directly responsible
for inhibiting HBV replication in primary rat hepatocytes. Similar to CsA treatment, FK506
had no effect on the level of viral RNAs or the level of HBcAg (Fig. 1A and B), but, unlike
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CsA treatment, FK506 did not alter the level of HBV replication (Fig. 1C). These results
suggest that MPTP activity is required for HBV replication in cultured, primary rat
hepatocytes.

HBx modulation of cell cycle proteins requires MPTP activity
We recently demonstrated that HBx- and HBV-modulation of cell cycle regulatory proteins
is calcium-dependent (Gearhart and Bouchard 2010). Because the results of previous studies
demonstrated that HBx modulation of basal calcium levels was dependent on the activities
of the MPTP, we asked whether HBx uses an MPTP-dependent pathway to regulate the
levels of cell cycle proteins in cultured, primary rat hepatocytes. Cells were transfected with
HBx (FL1-154 HBx) or vector control (pcDNA3.1(-)), or infected with AdHBV or
AdHBV(HBx-), and treated for 18 hours with CsA. Hepatocytes were collected 24 hours
post-transfection/infection and the levels of the cell cycle proteins p15, p16, p21 and p27
were examined via Western blot analysis. In the presence of CsA, HBx or AdHBV did not
decrease the levels of p15 and p16 and did not increase the levels of p21 and p27, suggesting
that HBx-modulation of p15, p16, p21, and p27 levels is through a MPTP-dependent
mechanism (Fig. 2A–D and 3 A–D). Unlike CsA treatment, FK506 treatment of hepatocytes
transfected with HBx (FL1-154 HBx) or infected with AdHBV did not inhibit the ability of
HBx or AdHBV to decrease the levels of p15 and p16 or increase the levels of p21 and p27
(Fig. 2A–D and 3A–D). These results suggest that HBx modulates the levels of cell cycle
regulatory proteins through an MPTP-dependent mechanism.

HBV replication requires that primary rat hepatocytes stall in G1 phase
We previously demonstrated that HBx, expressed in the absence of other HBV proteins and
in the context of replicating HBV, induces normally quiescent hepatocytes to exit G0 and
enter G1 phase and that this HBx activity is necessary for efficient HBV replication in
cultured primary rat hepatocytes. We also previously showed that HBx expression elevates
the levels of p21 and p27, causing hepatocytes to stall before entering S phase (Gearhart and
Bouchard 2010). We next sought to determine whether stalling hepatocytes in G1 phase and
preventing progression into S phase is required for HBV replication in cultured primary rat
hepatocytes. To prevent HBV-expressing primary hepatocytes from stalling in G1 phase, we
knocked down both p21 and p27 proteins with small interfering (si) RNAs. siRNA
transfection efficiency was approximately 40%, as measured by parallel transfection of a
fluorescently labeled siRNA control (data not shown), and the efficiency of each siRNA
knockdown was confirmed by Western blot analysis (Fig. 4A). Primary rat hepatocytes were
infected with AdHBV and transfected with siRNAs for p21 (si-p21), p27 (si-p27), both p21
and p27 (si-p21/p27), or a negative control, scrambled siRNA sequence (NEG), and stained
for BrdU incorporation (see Materials and Methods). The results in Table 2 illustrate the
percent of cells found in S phase, as measured by the amount of BrdU incorporation.
Hepatocytes infected with AdHBV and transfected with the scrambled siRNA sequence, si-
p21 alone, or si-p27 alone showed little BrdU incorporation (Table 2); a low level of BrdU
incorporation indicates that the cells have not progressed into S phase, and remain in G1
phase. However, hepatocytes that were infected with AdHBV and transfected with both si-
p21 and si-p27 (si-p21/p27) showed a significant increase in BrdU-positive cells (Table 2).
These results indicate that HBV induces primary rat hepatocytes to move into the cell cycle,
but requires elevation of both p21 and p27 to stall the cells in G1 phase; without elevation of
p21 and p27, HBx-expressing hepatocytes progress into S phase (Table 2). It is important to
note that to confirm these results, we repeated these experiments with a second set of
siRNAs, si-p21b and si-p27b, and similar results were observed both in efficiency of protein
knockdown and BrdU incorporation (Table 2 and Supplemental Fig. 2A).

Gearhart and Bouchard Page 5

Virology. Author manuscript; available in PMC 2011 November 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



We next examined the effect of inhibiting the ability of hepatocytes to stall in G1 phase on
HBV replication. The results of Western blot analysis demonstrate that knocking down p21
and p27, either alone or in combination, does not affect the levels of the HBcAg (Fig. 4B).
We additionally examined the levels of viral RNAs in primary rat hepatocytes. In cells that
were infected with AdHBV and transfected with the scrambled siRNA sequence (NEG), si-
p21, si-p27, or si-p21/p27, we observed little to no effect on the levels of HBV RNAs as
measured in Northern blot analysis (Fig. 4C). However, the level of HBV replication in
AdHBV-infected hepatocytes that were transfected with si-p21/p27 was markedly reduced
as compared to hepatocytes transfected with the scrambled siRNA sequence, si-p21 alone,
or si-p27 alone (Fig. 4D). These results were confirmed using a second set of siRNAs (si-
p21b, si-p27b, and si-p21/p27b; Supplemental Fig. 2B-D). These results show that HBV
replication is reduced in primary rat hepatocytes when the cells are in S phase of the cell
cycle. Additionally, these results are similar to results in HepG2.2.15 cells where HBV
replication was low in S phase and high in G1 phase (Huang et al. 2004;Ozer et al. 1996);
however, this is the first demonstration that efficient HBV replication requires that primary
hepatocytes remain in G1.

HBV replication requires HBx modulation of ribonucleotide reductase
The results described above support the notion that HBV replication requires that
hepatocytes do not progress into S phase of the cell cycle. Although there are likely to be
many reasons that HBV replication requires that quiescent hepatocytes exit G0 and enter G1
phase, one reason that HBx causes hepatocytes to enter G1 phase may be to increase the
pool of available deoxynucleotide triphosphates (dNTPs). HBV requires host cell dNTPs to
replicate its genome. dNTPs are present at low levels in quiescent cells, but as the cell
approaches S phase, the levels of dNTPs are increased (Yamashita and Emerman 2006).
Ribonucleotide reductase, an enzyme responsible for synthesizing dNTPs, consists of two
subunits, a constitutively expressed R1 subunit and the catalytic R2 subunit; the R2 subunit
is only synthesized as cells approach S phase and prepare for DNA replication (Chabes and
Thelander 2000; Reichard 1987). HBx-induced progression of hepatocytes into G1 phase,
but inhibition of progression into S phase, could induce the production of dNTPs while
preventing competition with the host cell, which would also require dNTPs for DNA
replication in S phase. To determine if HBx affects the levels of the R2 subunit of
ribonucleotide reductase, primary rat hepatocytes were transfected with HBx (FL1-154
HBx) or vector control (pcDNA(3.1-)), or infected with AdHBV or AdHBV(HBx-), and
collected 24 hours post-transfection/infection. The level of R2 expression was examined
with Western blot analysis. HBx, both alone and in the context of HBV replication,
increased the level of R2 in primary rat hepatocytes as compared to controls (Fig. 5A–B).
These results are similar to a recent report showing that HBV increases R2 mRNA levels
and the concentration of intracellular dNTPs in HepG2.2.15 cells (Cohen et al. 2010).

We next examined the mechanism underlying the HBx-induced increased level of the R2
subunit of ribonucleotide reductase. R2 is an E2F target gene, and E2F transcriptional
activity is modulated by activity of cyclin D1/CDK4 (reviewed in (Harper and Brooks
2005)). The results of the studies described above demonstrated that HBx modulates cell
cycle regulatory proteins using an MPTP-dependent mechanism (Fig. 3–4). To determine
whether MPTP activity was involved in HBx modulation of R2, hepatocytes transfected
with HBx (FL1-154 HBx) or vector control (pcDNA(3.1-)), or infected with AdHBV or
AdHBV(HBx-), were treated with CsA for 18 hours; hepatocytes were collected 24 hours
post-transfection/infection. CsA inhibited HBx-induction of R2 when HBx was expressed
alone and in the context of HBV replication (Fig. 5A–B). FK506 had no effect on HBx
induction of R2 when HBx was expressed alone and in the context of HBV replication (Fig.
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5A–B). These results suggest that HBx modulates the level of R2, both alone and in the
context of HBV replication, using an MPTP-dependent mechanism.

We next used two approaches to determine whether HBx modulation of ribonucleotide
reductase activity was required for HBV replication. First, hepatocytes were infected with
AdHBV and treated with hydroxyurea (HU) for 48 hours. HU arrests cells at the G1/S phase
border by inhibiting ribonucleotide reductase (Thelander and Reichard 1979). When HBV
replication was examined via Southern blot analysis, we observed that HU treatment
reduced the level of HBV replication as compared to control-treated hepatocytes (Fig. 6C).
Interestingly, HU did not affect the level of viral proteins or RNAs (Fig. 6A–B). These
results suggest that HBV requires the activity of ribonucleotide reductase for HBV
replication.

Because the mechanism of action for HU has not been precisely defined, our second
approach was to specifically knockdown the level of the R2 catalytic subunit with siRNAs.
In these studies, AdHBV-infected hepatocytes were transfected with a R2-specific siRNA
(si-R2) or a scrambled, negative control siRNA sequence (NEG) and collected 72 hours
post-infection (Fig. 7A). si-R2 mediated knockdown of R2 expression did not affect the
level of HBV core protein or RNAs in primary rat hepatocytes (Figs. 7B–C); however, R2
knockdown dramatically reduced the level of HBV replication (Fig. 7D). Similar results
were obtained using a second siRNA, si-R2b, to knock down R2 (Fig. 7D). These
observations support the notion that HBV replication requires elevation of the R2 catalytic
subunit of ribonucleotide reductase. Overall, these results suggest that HBV replication
stimulates cells to enter G1 phase of the cell cycle, though stall before entry into S phase, to
stimulate ribonucleotide reductase activity while preventing competition with the cell’s
replication machinery. This is the first evidence that HBV requires a G1 phase block and
elevation of the R2 catalytic subunit of ribonucleotide reductase for HBV replication in
primary hepatocytes.

Cytosolic calcium, MPTP activity, and cell cycle entry are required for HBV polymerase
activation in primary rat hepatocytes

The results described above suggest that modulation of cytosolic calcium, cell proliferation,
and MPTP activity are required for HBV replication. However, how these pathways
stimulate HBV replication is unknown. To begin to address this, we examined whether
cytosolic calcium signaling, MPTP activity, G0 to G1 phase progression, and stalling in G1
phase are required for activation of the HBV polymerase; the HBV polymerase must be
active in order for HBV DNA replication to occur (reviewed in (Seeger et al. 2007)). To
examine the effect of cytosolic calcium, MPTP activity, and cell proliferation on the HBV
polymerase, we performed an endogenous polymerase assay as previously described
(Bouchard et al. 2003; Bouchard et al. 2006; Bouchard et al. 2001b). We initially analyzed
the role of cytosolic calcium and MPTP activity on activation of the HBV polymerase.
Treating primary rat hepatocytes with the intracellular calcium chelating agent, BAPTA-
AM, or the MPTP inhibitor, CsA, significantly reduced the activity of the HBV polymerase,
while FK506 had no effect on HBV polymerase activity (Fig. 8A–B). These results
demonstrate that both cytosolic calcium and activities of the MPTP are required for
activation of the HBV polymerase in cultured, primary rat hepatocytes.

We next determined whether exit of quiescent hepatocytes from G0, entry into G1 phase,
and stalling in G1 phase also impacted the activity of the HBV polymerase. Hepatocytes
were infected with AdHBV and transfected with a scrambled siRNA sequence (NEG), si-
p21, si-p27, si-p21/p27, or si-R2, or treated with HU. The results of the polymerase assay
demonstrate that hepatocytes that could no longer arrest in G1 phase, or that could not
activate ribonucleotide reductase or had reduced levels of the R2 catalytic subunit of
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ribonucleotide reductase had no deficiencies in HBV polymerase activity even though HBV
replication was severely diminished, suggesting that stalling in G1 phase and ribonucleotide
reductase are not required for activation of the HBV polymerase (Fig. 8D–F). These
observations were also observed with a second set of siRNAs (Supplemental Fig. 2D). We
next analyzed whether entry into G1 phase of the cell cycle, which we previously showed is
required for HBV replication in primary rat hepatocytes (Gearhart and Bouchard 2010), is
also required for activation of the HBV polymerase. In order for cells to leave quiescence
and enter G1 phase of the cell cycle, p16 must be degraded (reviewed in (Harper and Brooks
2005; Sherr and Roberts 1999)). Primary rat hepatocytes were infected with AdHBV and
transfected with a p16 over-expression plasmid, which we previously showed prevents
cultured primary rat hepatocytes from exiting G0 and entering G1 phase (Gearhart and
Bouchard 2010), and hepatocytes were collected 72 hours post-infection. The results of the
endogenous polymerase assay demonstrate that when p16 is overexpressed there is a
significant reduction in HBV polymerase activity as compared to control transfected,
AdHBV-infected hepatocytes (Fig. 8C). Taken together, these results show that cytosolic
calcium, MPTP activity, and entry into G1 phase of the cell cycle are required for activation
of the HBV polymerase in cultured primary rat hepatocytes and that once hepatocytes have
entered G1 phase, inhibition of HBV replication by progression of cells into S phase or
reduction of ribonucleotide reductase activity occurs even though the HBV polymerase is
activated.

DISCUSSION
Chronic infections with the hepatitis B virus (HBV) are associated with life-threatening liver
diseases such as hepatocellular carcinoma (HCC) (Seeger et al. 2007). The development of
HBV-associated HCC is believed to involve a combination of the continual inflammatory
response to HBV-infected hepatocytes in individuals with a chronic HBV infection and
activities of HBV proteins such as the HBV X protein (HBx). HBx is a multifunctional
protein that can regulate cellular transcription, protein degradation, calcium signaling,
proliferation, and apoptotic pathways (reviewed in (Benhenda et al. 2009; Bouchard and
Schneider 2004)); the results of many studies also suggest that HBx is important for HBV
replication (Bouchard et al. 2001b; Clippinger et al. 2009; Keasler et al. 2007; Melegari et
al. 1998; Tsuge et al. 2010). In the studies described here, we have identified HBx activities
that are required for HBV replication in cultured, primary rat hepatocytes, a biologically
relevant hepatocyte system. These studies assessed the activities of HBx, when it was
expressed alone and in the context of HBV replication. Although in some studies HBx was
expressed at higher levels from a plasmid then would be expected when HBx is under the
control of its endogenous promoter, our observations are unlikely to be an artifact of HBx
over-expression because we observed similar effects when HBx was expressed in the
context of HBV replication. Importantly, our studies link calcium signaling and MPTP
activity to HBx modulation of cell cycle progression and HBV replication in primary
hepatocytes. Significantly, these studies also demonstrate that HBx modulation of cell cycle
progression is required to activate the HBV polymerase while establishing a favorable
cellular environment for HBV replication.

One fundamental HBx activity is modulation of cellular calcium signaling pathways. HBx
expression increases the basal level of cytosolic calcium in HepG2 cells, and this HBx
activity is blocked by treatment with cyclosporin A (CsA), a mitochondria permeability
transition pore (MPTP) inhibitor (McClain et al. 2007). Involvement of the MPTP in HBx
activities is consistent with the observed co-localization of HBx and mitochondria and the
reported interaction of HBx and the voltage dependent anion channel (VDAC) 3, a
component of the MPTP (Clippinger and Bouchard 2008; Huh and Siddiqui 2002; McClain
et al. 2007; Rahmani et al. 2000). Cytosolic calcium signaling and activities of the MPTP
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also stimulate HBV replication in HepG2 cells (Bouchard et al. 2001b), and we recently
reported that HBx modulation of cell proliferation in cultured, primary rat hepatocytes
requires cytosolic calcium signaling (Gearhart and Bouchard 2010). In the studies described
here, we assessed the role of cytosolic calcium and MPTP activity in HBx regulation of cell
cycle progression and HBV replication in cultured, primary rat hepatocytes. Treatment with
the intracellular calcium chelator BAPTA-AM and the MPTP inhibitor CsA decreased the
activity of the HBV polymerase and reduced HBV replication while not affecting the levels
of HBV core protein or HBV RNAs (Figs. 1 and 8), suggesting that HBx activation of the
HBV polymerase and stimulation of HBV replication in primary hepatocytes requires
cytosolic calcium signaling and MPTP activity. We previously showed that calcium
signaling is also required for HBx modulation of cell cycle regulatory proteins in rat
hepatocytes and demonstrated here that CsA blocked the ability of HBx, alone and in the
context of HBV replication, to decrease the levels of p15 and p16, cell cycle proteins that
inhibit progression into G1 phase, and to increase the levels of p21 and p27, active G1 phase
proteins that can block progression into S phase (Figs. 2 and 3). These results suggest that
HBx regulation of cellular calcium signaling and HBV replication in hepatocytes requires
activities of the MPTP. The precise impact of HBx on the MPTP remains undefined, and
HBx may open, close, or cause the MPTP to flicker. Identification of the molecular
mechanisms that underlie HBx regulation of the MPTP is the subject of our ongoing studies.

Many DNA viruses that replicate in differentiated cells modulate cell proliferation pathways
to enhance viral replication (see Table 1 in (Mukherji and Kumar 2008)). We previously
demonstrated that HBx induces normally quiescent hepatocytes to enter, but stall in, G1
phase of the cell cycle and that HBV replication requires that hepatocytes enter G1 phase of
the cell cycle; HBx inhibits S phase entry by increasing the levels of p21 and p27 (Gearhart
and Bouchard 2010). When siRNAs were used to simultaneously knockdown p21 and p27,
HBV-expressing hepatocytes no longer stalled in G1 phase and progressed into S phase;
progression beyond G1 phase and into S phase inhibited HBV replication in primary rat
hepatocytes (Table 2, Fig. 4 and Supplemental Fig. 2). Inhibition of HBV replication in S
phase was also previously observed in HepG2.2.15 cells (Huang et al. 2004; Ozer et al.
1996). Taken together our results show that HBx stimulates HBV replication by inducing
quiescent hepatocytes to exit G0 and enter and stall in G1 phase of the cell cycle.

We next characterized mechanisms that could link HBx-induced G0 to G1 phase
progression and subsequent stalling of hepatocytes in G1 phase to HBV replication. One
possible consequence of progression into G1 phase could be to activate cellular factors that
stimulate or are required for HBV replication. HBV replication requires deoxynucleotide
triphosphates (dNTPs), which are present at low levels in quiescent cells, and we reasoned
that HBx might induce hepatocytes to enter G1 phase to activate enzymes that increase the
pool of available dNTPs (Yamashita and Emerman 2006). Ribonucleotide reductase is one
cellular enzyme that is responsible for synthesizing dNTPs; this enzyme consists of a
constitutively expressed R1 subunit and an R2 catalytic subunit that is expressed only when
cells approach S phase (Reichard 1987). Ribonucleotide reductase is only active when both
subunits combine to form the functional enzyme complex (Chabes and Thelander 2000). We
observed that HBx, when expressed alone and in the context of HBV replication, increases
the level of the R2 catalytic subunit of ribonucleotide reductase in primary rat hepatocytes
(Fig. 5). Our observation that HBx increases the level of R2 is similar to a recent report of
studies in primary mouse hepatocytes where HBx was shown to increase the level of the R2
mRNA (Cohen et al. 2010). We mechanistically linked the HBx-induced increase in the
level of R2 to cytosolic calcium signaling and showed that HBx-modulation of R2 requires
MPTP activity (Fig. 5). Overall, our observations suggest that HBx stimulates hepatocytes to
progress far enough into G1 phase to activate ribonucleotide reductase.
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To confirm that ribonucleotide reductase activity is required for efficient HBV replication,
we treated primary rat hepatocytes with hydroxyurea (HU), a reagent that arrests cells at the
G1/S border by inhibiting ribonucleotide reductase (Thelander and Reichard 1979); HU
treatment inhibited HBV replication (Fig. 6). To directly assess the importance of the R2
subunit of ribonucleotide reductase and provide a second test of the importance of
ribonucleotide reductase activity in HBV replication, we used siRNAs to specifically
knockdown the levels of the R2 subunit. Our results demonstrate that specifically knocking
down R2 dramatically reduces the level of HBV replication (Fig. 7). These results suggest
that ribonucleotide reductase is required for HBV replication and are consistent with the
results of recent studies in HepG2.215 cells that demonstrated that HBV induces an increase
in intracellular dNTPs (Cohen et al. 2010). Although not directly tested, HBx may block
progression into S phase while increasing the levels of the catalytic subunit of ribonucleotide
reductase to provide a pool of dNTPs while also preventing competition with the DNA
replication machinery of the cell which would require dNTPs in S phase. Alternatively, HBx
might inhibit progression into S phase to prevent activation of apoptotic pathways that sense
unscheduled cellular DNA synthesis that could be activated by the HBx-induced exit of cells
from G0. In this scenario, HBx stalls hepatocytes in G1 phase to prevent activation of
apoptotic pathways that could kill hepatocytes and potentially impede HBV replication.
While we did not observe cell death during the time frame of our studies, even when
siRNAs were used to simultaneously decrease the levels of p21 and p27, it is possible that
cell death would become apparent after longer periods of time (Gearhart and Bouchard,
unpublished observations).

Finally, we examined how cell cycle progression impacted the HBV replication machinery,
and focused on the effect of cell cycle phase on activation of the HBV polymerase. We
demonstrated that activation of the HBV polymerase requires that hepatocytes enter into G1
phase of the cell cycle. Interestingly, progression beyond G1 phase did not affect HBV
polymerase activity even though HBV replication was diminished (Fig. 8). Precisely how
progression into G1 stimulates the HBV polymerase is unknown, but one possibility is that
activation of cellular factors could directly impact HBV proteins that regulate HBV
replication. Phosphorylation of the HBV core protein is required for activation of the HBV
polymerase (Melegari et al. 2005), but the kinase(s) responsible for phosphorylating the
HBV core protein is unknown. Several candidate kinases have been identified, including
protein kinase C (Kann and Gerlich 1994), glyceraldehydes-3-phosphate dehydrogenase
(Duclos-Vallee et al. 1998), the stress response protein-specific kinases 1 and 2 (Daub et al.
2002), and the cell cycle-regulated kinase cdc2 (Yeh et al. 1993), and it is possible that the
kinase responsible for phosphorylation of HBV core, and stimulation of HBV replication, is
activated as hepatocytes exit G0 and enter G1 phase of the cell cycle. The mechanism(s) that
underlies activation of the HBV polymerase as hepatocytes progress from G0 to G1 phase is
the subject of our ongoing studies.

In summary, we have demonstrated that a fundamental HBx activity, modulation of
cytosolic calcium signaling and MPTP activity, regulates hepatocyte proliferation pathways
and stimulates HBV replication in a primary hepatocyte model system. We have also shown
that HBx induces quiescent hepatocytes to exit G0 and enter and stall in G1 phase, and that
both entry and stalling in G1 phase are essential for efficient HBV replication. Our studies
suggest that exit from G0 and G1 phase entry activates the HBV polymerase and increases
the levels of the R2 subunit of ribonucleotide reductase to stimulate the HBV replication
machinery while creating a favorable cellular environment for HBV replication. HBx-
induced G1 phase arrest caused by elevation of p21 and p27 also facilitates HBV replication,
potentially by preventing competition with the cellular DNA replication machinery that
might occur if cells progress into S phase. Finally, while we have shown that HBx
modulation of cellular calcium signaling pathways and cell cycle progression is important
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for HBV replication in a primary hepatocyte model system, our studies also present potential
mechanisms that could link HBx activities to the development of HCC. On the one hand,
HBx regulation of calcium signaling and cell cycle progression regulates HBV replication,
which is an essential contributor to the development of HBV-associated HCC. In addition,
HBx alteration of normal hepatocyte cell cycle progression pathways likely disrupts normal
hepatocyte physiology, providing another mechanism that could link chronic HBV
infections to the development of HCC.

MATERIALS AND METHODS
Isolation and Maintenance of Primary Rat Hepatocytes

Primary rat hepatocytes were isolated using a 2-step perfusion method as previously
described (Seglen 1993). The hepatocytes were plated on collagen-coated tissue culture
plates at approximately 2.0x106 cells per 60 mm plate (~80% confluent) in Williams E
medium supplemented with 2.0mM L-glutamine, 1.0mM sodium pyruvate, 4.0μg/ml
Insulin/Transferrin/Selenium (ITS), 5.0μg/ml hydrocortisone, 5.0ng/ml epidermal growth
factor (EGF), 10μg/ml gentamycin, and 2% Dimethyl Sulfoxide (DMSO) and maintained at
37°C in 5% CO2. Hepatocyte morphology and expression of hepatocyte-specific mRNAs
were monitored throughout the time course of the experiments as previously described
(Gearhart and Bouchard 2010). Animal surgery and hepatocyte isolation complied with all
relevant federal and institutional policies.

Transfections and Reagents
Primary rat hepatocytes were transfected using Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s directions. All transfections were performed 24 hours after plating.
Hydroxyurea (HU), FK506 (Tacrolimus), and cyclosporin (CsA) were purchased from
Sigma; 1,2-bis(o-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid-tetraacetoxymethyl ester
(BAPTA-AM) was purchased from Invitrogen.

Antibodies
The anti-p27 and anti-p15 antibodies were purchased from Cell Signaling. The anti-Flag-M2
antibody was purchased from Stratagene; the anti-α-tubulin, anti-p21, anti-p16, and anti-R2
antibodies were purchased from Santa Cruz Biotechnology, Inc. The anti-HBcAg was
purchased from DakoCytomation, Inc.

Plasmids
FL1-154 HBx, containing N-terminally Flag-tagged HBx cloned into the pcDNA3.1(-)
vector, has been previously described (Clippinger and Bouchard 2008). The p16 over-
expression plasmid, containing the p16 sequence cloned into the pBABE vector was a gift
from Dr. Joan Brugge, Harvard University.

Recombinant Adenoviruses
Consistent with the observations of others, we have found that some analyses, such as HBV
replication, requires that 100% of hepatocytes express replicating HBV, and for studies
involving HBV replication, we used HBV-expressing recombinant adenoviruses (Clippinger
et al. 2009). Construction and use of these recombinant adenoviruses have been previously
described (Clippinger et al. 2009). All the recombinant adenoviruses encode green
fluorescent protein (GFP). The recombinant adenoviruses used in this study are referred to
as AdHBV, which expresses GFP and HBV from a greater-than-unit length cDNA of HBV,
and AdHBV(HBx-), which is identical to AdHBV, but contains a mutation that prevents
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expression of HBx while not affecting the overlapping polymerase gene (Clippinger et al.
2009). GFP expression is used to monitor adenovirus infection efficiency.

Cell Collection and Western Blot Analysis
24 hours following transfection or recombinant adenovirus infection, cells were washed with
1X phosphate buffered saline (PBS), scraped into 1X PBS and pelleted at 2,000 rpm for 3
minutes at 4°C. Cells were then lysed in 0.5% sodium dodecyl sulfate (SDS) Lysis Buffer
(0.5% SDS, 240mM Tris pH 6.8, and 10% glycerol) and protein concentrations were
determined using the BioRad Protein Assay (BioRad). Equal amounts of protein were
loaded on a 12% SDS-polyacrylamide gel. Proteins were transferred to nitrocellulose
membrane (BioRad) and blocked for 2 hours in 5% milk in 1X PBS. After incubation with
primary antibody overnight at 4°C, the membrane was washed with 1X Tris buffered saline
(TBS) + 0.1% Tween-20 and incubated with an alexafluor-conjugated secondary antibody.
Blots were visualized using the quantitative, Odyssey® Infared Imaging System (Licor®
Biosciences) according to the manufacturers instructions. Western analysis was conducted
with antibodies specific for p21, p27, p15, p16, R2, HBcAg, Flag or α-tubulin. All protein
levels were first normalized to the α-tubulin loading control, and then fold differences were
determined by dividing the intensity of the protein in either the FL1-154 HBx or AdHBV
lanes by the intensity of the protein in the pcDNA3.1(-) or AdHBV(HBx-) lanes,
respectively. Statistical significance of fold differences was determined using a Student’s T-
test (p≤0.05).

siRNAs
Twenty-four hours after plating, hepatocytes were transfected with siRNAs using the
Oligofectamine (Invitrogen) transfection reagent. Two separate siRNA constructs for each
intended protein were purchased from Qiagen. A separate negative control siRNA (NEG)
was purchased from Qiagen. The NEG siRNA also contained an alexafluor tag (488nm) to
determine transfection efficiency, and siRNA transfection efficiency of primary rat
hepatocytes was approximately 40%. The siRNA sequences for p21, p27 and R2 are shown
in Table 1. To confirm knockdown of the intended protein, hepatocytes were collected 72
hours post-transfection, and analyzed via Western blot analysis as described above.

HBV Replication Assay
For studies with siRNA-mediated knockdown of specific protein expression, primary
hepatocytes were infected with AdHBV and simultaneously co-transfected with the specific
siRNAs. 72 hours post infection, HBV core particles were isolated, and HBV replication
was analyzed via Southern blot as previously described (Bouchard et al. 2001a).

To determine the effect of chemical inhibitors on HBV replication, hepatocytes were
infected with AdHBV and treated with 50μM BAPTA-AM, 10mM HU, 4 μM FK506 or
4μM CsA for 48 hours. Hepatocytes were collected 72 hours post-infection, HBV core
particles were isolated, and HBV replication was analyzed via Southern blot as previously
described (Bouchard et al. 2001b).

5-Bromo-2′-deoxy-uridine (BrdU) Incorporation Studies
Cultured, primary rat hepatocytes were infected with AdHBV 24 hours after plating and
simultaneously transfected with siRNAs to p21 (si-p21), p27 (si-p27), both p21 and p27 (si-
p21/p27) or a scrambled siRNA sequence (NEG). 72 hours post-infection/transfection, the
ability to incorporate BrdU into DNA was examined using immunocytochemistry and the
BrdU Labeling and Detection Kit II (Roche) according to the manufacturer’s instructions, to
determine the percent of cells that were in S phase of the cell cycle. Briefly, BrdU labeling
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medium was added to cells for 6 hours, after which the cells were fixed, anti-BrdU
monoclonal antibody was added, and the cells were incubated with an anti-mouse-Ig-
alkaline phosphatase followed by the substrate reaction. Bound BrdU monoclonal antibody,
as evidenced by the substrate reaction, was visualized by light microscopy. BrdU-positive
cells were counted, and the percent of positive cells per the total number of cells was
determined. At least three fields of approximately 150 cells were counted per experimental
condition for each experiment. Each experiment was conducted at least four times and for
every experiment, each experimental condition was analyzed in triplicate. Statistical
significance was determined using a Student’s T test (p≤0.05).

Northern Blot Analysis
For studies with siRNA knockdown of specific proteins, 24 hours after plating, hepatocytes
were infected with AdHBV and co-transfected with specific siRNAs as described above. For
studies with chemical inhibitors of HBV replication, 24 hours after plating, hepatocytes
were infected with AdHBV and 24 hours post-infection, treated with 50μM BAPTA-AM,
4μM FK506, 4μM CsA, or 10mM HU. For all studies, hepatocytes were collected 72 hours
after infection with AdHBV, and total RNA was isolated using TRIzol (Invitrogen)
according to the manufacturer’s instructions. Poly(A)+ RNA was isolated using oligo(dT)-
cellulose columns (Molecular Research Center, Inc.) according to the manufacturer’s
instructions, followed by Northern blot analysis as previously described (Bouchard et al.
2003).

HBV Endogenous Polymerase Assay
For studies with siRNA-mediated knockdown of specific proteins, hepatocytes were infected
with the AdHBV 24 hours after plating and co-transfected with specific siRNAs as
described above. For studies with chemical inhibitors of HBV replication, hepatocytes were
infected with the AdHBV and 24 hours post-infection, treated with 50μM BAPTA-AM,
4μM FK506, 4μM CsA, or 10mM HU. For studies where p16 was over-expressed,
hepatocytes were transfected with either pBABE control vector or p16 over-expression
plasmid, and infected with AdHBV 6 hours later post-transfection. 72 hours post-infection
hepatocytes were collected, HBV core particles were isolated, and endogenous polymerase
activity was determined as previously described (Bouchard et al. 2003; Bouchard et al.
2006; Bouchard et al. 2001b). Briefly, HBV core particles were collected from lysed, HBV-
infected hepatocytes via ultra-centrifugation for 3 hours at 37,000rpm in an SW41Ti rotor
and suspended in Polymerase Reaction Buffer (50mM Tris, pH 8.0, 40mM MgCl2, 50mM
NH4Cl, 0.3% β-2-mercaptoethanol). The core particles were then incubated at 37°C with
12.5μM dATP/dGTP/dTTP and 10μCi 32P-dCTP for 2 hours followed by incubation with
unlabeled 12.5μM dCTP for an additional 1 hour at 37°C. Capsids were then digested with
proteinase K (Roche), and HBV DNA was extracted with phenol: chloroform: isoamyl
alcohol. Unincorporated radiolabeled nucleotides were removed using a G-50 column (GE
Healthcare). The HBV DNA was ethanol precipitated, separated on a 1% agarose/1% SDS
gel, and incorporation of radiolabeled nucleotides was analyzed by autoradiography of the
dried gel. To demonstrate that equal levels of HBV core particles were assayed in each
experimental condition, a fraction of each sample of isolated core particles was examined by
Western blot analysis of the core protein.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIG 1.
Cytosolic calcium and MPTP activity are required for HBV replication in primary rat
hepatocytes: Hepatocytes were infected with AdHBV 24 hours after plating and treated with
50μM BAPTA-AM, 4μM CsA, 4μM FK506 or vehicle control. (A) Lysates were collected
72 hours post-infection, resolved via SDS-PAGE, and subjected to Western analysis for α-
tubulin and HBcAg. (B) RNA was isolated from hepatocytes 72 hours post-infection, and
viral RNAs were monitored via Northern blot analysis. (C) 72 hours after infection, HBV
replication was analyzed with a standard HBV replication assay (see Materials and
Methods); RC, relaxed circular; DL, double-stranded linear; SS, single stranded). Results
shown are representative samples from at least 3 experiments performed in duplicate.
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FIG 2.
HBx requires MPTP activity to modulate the levels of cell cycle regulatory proteins:
Hepatocytes were transfected with FL1-154X or pcDNA3.1(-). Six hours after transfection,
cells were treated with 4μM CsA, 4μM FK506 or vehicle control. (A–D) Lysates were
collected 24 hours post-transfection, resolved via SDS-PAGE and subjected to Western blot
analysis for α-tubulin, p15, p16, p21, p27, or HBx. Results shown are representative samples
from at least 3 experiments performed in duplicate. * fold difference plus/minus standard
error between FL1-154X and pcDNA3.1(-) was statistically significant as determined using
a Student’s t-test (p ≤ 0.05).
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FIG 3.
HBx, when expressed in the context of HBV replication, requires MPTP activity to
modulate the levels of cell cycle regulatory proteins: Hepatocytes were infected with
AdHBV or AdHBV(HBx-). Six hours after infection, cells were treated with 4μM CsA,
4μM FK506 or vehicle control. (A–D) Lysates were collected 24 hours post-infection,
resolved via SDS-PAGE and subjected to Western blot analysis for α-tubulin, p15, p16, p21,
or p27. Results shown are representative samples from at least 3 experiments performed in
duplicate. * fold difference plus/minus standard error between AdHBV(HBx-) and AdHBV
was statistically significant as determined using a Student’s t-test (p ≤ 0.05).
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FIG 4.
HBV replication requires that cells stall in G1 phase: Hepatocytes were infected with
AdHBV 24 hours after plating and transfected with si-p21, si-27, both si-p21 and si-p27 (si-
p21/p27), or a negative control siRNA (NEG), or AdHBV(HBx-) + NEG (A only). (A–B)
Lysates were collected 72 hours post-infection/transfection, resolved via SDS-PAGE, and
subjected to Western analysis for α-tubulin, p21, p27 and HBcAg. (C) RNA was isolated
from hepatocytes 72 hours post-infection, and viral RNAs were monitored via Northern blot
analysis. (D) 72 hours after infection, HBV replication was analyzed with a standard HBV
replication assay (see Materials and Methods); RC, relaxed circular; DL, double-stranded
linear; SS, single stranded). Results shown are representative samples of at least 3
experiments performed in duplicate.
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FIG 5.
HBx, alone and in the context of HBV replication, increases the level of R2 in primary rat
hepatocytes via a MPTP dependent mechanism: (A) Primary rat hepatocytes were
transfected with pcDNA3.1(-) or FL1-154X 24 hours post-isolation, and treated with 4μM
CsA, 4μM FK506, or vehicle control for 18 hours. 24 hours after transfection, hepatocytes
were collected and resolved via SDS-PAGE, and subjected to Western analysis for α-
tubulin, R2, and HBx. (B) Primary rat hepatocytes were infected with AdHBV(HBx-) or
AdHBV recombinant adenoviruses 24 hours after plating and treated with 4uM CsA, 4uM
FK506 or DMSO for 18 hours. 24 hours post-infection, hepatocytes were collected and
resolved via SDS-PAGE, and subjected to Western analysis for α-tubulin, R2, and HBcAg.
Results shown are representative samples from at least 3 experiments performed in
duplicate. * fold difference plus/minus standard error between FL1-154X and pcDNA3.1(-),
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or AdHBV(HBx-) and AdHBV was statistically significant as determined using a Student’s
t-test (p ≤ 0.05).
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FIG 6.
HBV replication is inhibited by hydroxyurea treatment in primary rat hepatocytes:
Hepatocytes were infected with AdHBV 24 hours after plating and treated with 100mM
hydroxyurea (HU) or vehicle control. (A) Lysates were collected 72 hours post-infection,
resolved via SDS-PAGE, and subjected to Western analysis for α-tubulin and HBcAg. (B)
RNA was isolated from hepatocytes 72 hours post-infection, and viral RNAs were
monitored via Northern blot analysis. (C) 72 hours after infection, HBV replication was
analyzed with a standard HBV replication assay (see Materials and Methods); RC, relaxed
circular; DL, double-stranded linear; SS, single stranded). Results shown are representative
samples from at least 3 experiments performed in duplicate.

Gearhart and Bouchard Page 24

Virology. Author manuscript; available in PMC 2011 November 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIG 7.
HBV replication requires the dNTP-synthesizing enzyme ribonucleotide reductase: (A)
Hepatocytes were infected with AdHBV 24 hours after plating and transfected with si-R2,
si-R2b, or a negative control siRNA (NEG), or AdHBV(HBx-) + NEG (A only). Lysates
were collected 72 hours post-infection/transfection, resolved via SDS-PAGE, and subjected
to Western analysis for α-tubulin, R2, and HBcAg. (C) RNA was isolated from hepatocytes
72 hours post-infection, and viral RNAs were monitored via Northern blot analysis. (D) 72
hours after infection, HBV replication was analyzed with a standard HBV replication assay
(see Materials and Methods); RC, relaxed circular; DL, double-stranded linear; SS, single
stranded). Results shown are representative samples from at least 3 experiments performed
in duplicate.
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Fig. 8.
Activation of the HBV polymerase requires cytosolic calcium, MPTP activity and cell cycle
entry in cultured, primary rat hepatocytes. Hepatocytes were infected with AdHBV 24 hours
after plating and treated with vehicle control or (A) 50μM BAPTA-AM, (B) 4μM CsA or
4μM FK506, or (E) 100mM HU. (C) Hepatocytes were infected with AdHBV 24 hours after
plating and co-transfected with a p16 overexpression plasmid. (D) Hepatocytes were
infected with AdHBV 24 hours after plating and co-transfected with si-p21, si-p27, si-
p21/27 or a negative control siRNA (NEG). (F) Hepatocytes were infected with AdHBV 24
hours after plating and co-transfected with si-R2, si-R2b, or a negative control siRNA
(NEG). (A–F) Hepatocytes were collected 72 hours post-infection, and the activity of the
HBV polymerase was determined via an endogenous polymerase assay (see Materials and
Methods). Western blot analysis for HBcAg was performed on isolated core particles and
used as a control for equal isolation of HBV core particles.
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Table 1

siRNA Sense Strand Sequence Antisense Strand Sequence

p21 5′-CGGUUAGGACCUAAGCGUATT-3′ 5′-UACGCUUAGGUCCUAACCGGG-3′

p21b 5′-GAGCCUUGACAUUUACUCATT-3′ 5′-UGAGUAAAUGUCAAGGCUCTG-3′

p27 5′-GCUCCGAAUUAAGAAUAAUTT-3′ 5′-AUUAUUCUUAAUUCGGAGCTG-3′

p27b 5′-GUUAAUUGUUUAGCGGUAATT-3′ 5′-UUACCGCUAAACAAUUAACTG-3′

R2 5′-ACGAAUUGUCGUUAAAUUUTT-3′ 5′-AAAUUUAACGACAAUUCGUGG-3′

R2b 5′-CAAUAUUCUGGCUCAAGAATT-3′ 5′-UUCUUGAGCCAGAAUAUUGAT-3′
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Table 2

% BrdU Negative % BrdU Positive

Untreated 83.7 +/− 0.9% 16.3 +/− 0.7%

AdHBV + Ø 87.3 +/− 0.4% 12.6 +/− 0.4%

AdHBV + NEG 87.5 +/− 4.2% 12.5 +/− 4.2%

AdHBV + si-p21 85.9 +/− 0.2% 14.1 +/− 0.2%

AdHBV + si-p27 82.5 +/− 2.1% 17.5 +/− 1.5%

AdHBV + si-p21b 80.9 +/− 1.8% 18.9 +/− 2.1%

AdHBV + si-p27b 87.7 +/− 2.7% 11.7 +/− 3.0%

AdHBV + si-p21/p27 67.3 +/− 0.8% 32.7 +/− 0.8%

AdHBV + si-p21/p27b 63.6 +/− 1.6% 35.2 +/− 1.9%
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